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RESEARCH ARTICLE
Length-dependent anisotropic scaling of spindle shape
Sarah Young1, Se´bastien Besson2 and Julie P. I. Welburn1,3
ABSTRACT
Spindle length varies dramatically across species and during early
development to segregate chromosomes optimally. Both intrinsic
factors, such as regulatory molecules, and extrinsic factors, such as
cytoplasmic volume, determine spindle length scaling. However,
the properties that govern spindle shape and whether these
features can be modulated remain unknown. Here, we analyzed
quantitatively how the molecular players which regulate microtubule
dynamics control the kinetics of spindle formation and shape. We
find that, in absence of Clasp1 and Clasp2, spindle assembly
is biphasic due to unopposed inward pulling forces from the
kinetochore-fibers and that kinetochore-fibers also alter spindle
geometry. We demonstrate that spindle shape scaling is
independent of the nature of the molecules that regulate dynamic
microtubule properties, but is dependent on the steady-state
metaphase spindle length. The shape of the spindle scales
anisotropically with increasing length. Our results suggest that
intrinsic mechanisms control the shape of the spindle to ensure the
efficient capture and alignment of chromosomes independently of
spindle length.
KEY WORDS: K-fiber, Clasp, Microtubules, Mitosis, Spindle
INTRODUCTION
The self-organization and maintenance of a bipolar spindle is
critical to ensure chromosome alignment and the equal
distribution of genetic material to the daughter cells during
mitosis. The mitotic spindle is composed of dynamic microtubule
polymers. These microtubules require a range of associated
proteins to allow self-organization into a dynamic diamond-
shaped spindle structure. The formation and geometry of the
spindle are critical to allow it to correctly segregate the
chromosomes. However, amongst eukaryotes there is an
impressive cytological diversity in spindle architecture that is
governed by intrinsic and extrinsic factors to optimize spindle
function (Dumont and Mitchison, 2009b; Goshima and Scholey,
2010). For example, spindle architecture varies dramatically from
budding yeast, which have only one microtubule that connects
to each chromosome, to C. elegans, which have holocentric
chromosomes in which centrosomal-nucleated microtubules
attach along the length of the chromosomes. Cell volume plays
a defining role in spindle shape scaling in Xenopus, with
increasing concentrations of microtubule regulators also altering
spindle size without changing its overall shape (Good et al., 2013;
Hazel et al., 2013; Reber et al., 2013). Spindle shape also appears
to change during development and across species due to the
developmental and differential expression of microtubule-
associated proteins (Courtois et al., 2012; Hara and Kimura,
2013; Loughlin et al., 2011). The spindle is diamond-shaped, in
both bound regime, where the spindle is constrained by the cell
cortex and unbound regime, where the cell volume is much larger
than the size of the spindle and does not restrain the spindle,
suggesting cell boundaries do not dictate the shape of the spindle.
However, how spindle shape is determined remains ill-defined.
The scaling of spindle length has been more extensively studied
and varies greatly during early development and across species
(Pereira and Maiato, 2012; Wu¨hr et al., 2008). There are also
differences in spindle length among closely related species and
different cell types within species, due in part to the presence,
absence, or relative varying levels of microtubule regulators in
the cytoplasm (Helmke and Heald, 2014; Loughlin et al., 2011;
Wilbur and Heald, 2013). Distortion of spindle geometry has
been linked to compromised genome stability and lagging
chromosomes in anaphase (Ganem et al., 2007; Storchova´
et al., 2006). Thus, understanding the rules that govern spindle
geometry is key to understanding the function and plasticity of
microtubule self-organization in cytologically diverse spindles.
Here we investigate the regulation of spindle shape during
spindle formation in a quantitative manner. We report that the
shape of the spindle is linearly and anisotropically correlated with
spindle length at steady-state. We find that the regulators of
microtubule dynamics Clasp1, Clasp2, the chromokinesin Kid,
and the kinesin-8 Kif18a contribute to the kinetics of bipolar
spindle formation and spindle geometry. Our data indicate that
kinetochore-fiber dynamics, as well as polar ejection forces, play
a determining role in setting correct spindle shape. Taken
together, we propose that spindle shape is fine-tuned by the
presence and levels of cytoplasmic microtubule regulators to
stabilize the spindle and to ensure that the resulting spindle
geometry optimal for high fidelity chromosome capture and
segregation.
RESULTS
Clasp1 and Clasp2 regulate the steady-state spindle
geometry
An extensive cytological diversity in spindle architecture is
achieved to support species-specific requirements and to ensure
correct chromosome segregation across species. To probe how
spindle length and shape is set during spindle elongation, we
analyzed the dynamics of spindle geometry formation. We
arrested U2OS cells stably expressing mCherry-tubulin in a
monopolar configuration after nuclear envelope breakdown by
treatment with the Eg5-inhibitor STLC. Inhibition of Eg5 both
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blocks centrosome separation in prophase (Bertran et al., 2011;
Tanenbaum et al., 2008; Whitehead and Rattner, 1998;
Woodcock et al., 2010), and prevents spindle assembly during
prometapahase across species (Blangy et al., 1995; Mayer et al.,
1999; Sawin et al., 1992; Whitehead and Rattner, 1998). Upon
release from the STLC-induced mitotic arrest, the spindle
becomes bipolar, which allowed us to easily follow spindle
assembly quantitatively, although there is an STLC-induced
increase in merotelic kinetochore-microtubule attachments,
which has the potential to interfere with the normal dynamics
of spindle assembly (Lampson et al., 2004). Maximal spindle
elongation took place within 20 minutes after the onset of
centrosome separation. To analyze the dynamics of spindle
formation, we aligned the cells with respect to the time at which
centrosome separation occurred, defined as the last point before
which spindle length exceeds 5 mm. Following STLC washout,
the spindle length of control cells elongated and reached a steady-
state size of 12.1 6 1.7 mm within 20 minutes of centrosome
separation. The spindle also rapidly reached its steady-state width
of 9.5 6 0.6 mm.
Ch-TOG, Clasp1, and Clasp2 influence microtubule length by
controlling microtubule plus-end dynamics (supplementary
material Fig. S1A,B) (Al-Bassam et al., 2012; Brouhard et al.,
2008; Komarova et al., 2009; Maffini et al., 2009; Maiato et al.,
2003; Mimori-Kiyosue et al., 2005). In addition to their
localization to microtubule plus ends, ch-TOG and the Clasp
proteins localize to subcellular structures including the
kinetochore and the centrosome to direct correct chromosome
segregation (Fig. 1A) (Dionne et al., 2000; Maiato et al., 2003;
Pereira et al., 2006). To determine whether these microtubule
regulators control spindle geometry, we next examined bipolar
spindle elongation in absence of ch-TOG, Clasp1, or Clasp2.
Upon STLC washout, ch-TOG depleted cells failed to separate
their centrosomes, despite the presence of short microtubules
(data not shown).
Upon depletion of Clasp1, Clasp2, or Clasp1/Clasp2 co-
depletion, the steady-state spindle length was shorter following
STLC washout than in control cells (Fig. 1B,C; supplementary
material Fig. S1C). Spindles displayed a biphasic spindle assembly
in the absence of Clasp1, Clasp2, or Clasp1/Clasp2 (Fig. 1B,C;
supplementary material Fig. S2A–D, Fig. S3). During the
elongation phase, the spindle length reached a maximum of 10.8
6 1.8 mm, 12.2 6 2.6 mm, and 7.1 6 1.9 mm for Clasp1, Clasp2,
and Clasp1/Clasp2 depletion, respectively. This elongation phase
was then followed by a contraction phase to a steady-state length
that was significantly shorter than control cells (8.7 6 1.1 mm, 9.3
6 1.2 mm, and 6.7 6 0.9 mm for Clasp1, Clasp2, and Clasp1/
Clasp2 depletion, respectively, supplementary material Table S1).
Fig. 1. Clasp1 and Clasp2 depletion triggers a biphasic spindle assembly phase and changes in spindle geometry. (A) Schematic diagram showing the
localization of ch-TOG, Clasp1 and Clasp2 in a mitotic cell. The cell boundaries are represented in black, K-fibers, spindle microtubules and astral microtubules
are represented in dark, medium and light green respectively. (B) Time-lapse imaging of U2OS cells expressing mCherry-tubulin after a STLC washout. Cells
were treated with Control, Clasp1, Clasp2 and Clasp1/Clasp2 siRNA for 48 hours before imaging. The yellow asterisks represent the marking of the spindle pole
used in the measurements of spindle length, using OMERO. (C,D,F) Graphs representing the average spindle length, width and aspect ratio and the
corresponding SD, defined in panel E during elongation for each condition described in panel B. Scale bar: 10 mm.
RESEARCH ARTICLE Biology Open (2014) 000, 1–7 doi:10.1242/bio.201410363
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Spindle width was also reduced in Clasp1, Clasp2, and Clasp1/
Clasp2 depleted cells (8.36 0.4 mm, 8.06 0.9 mm, 6.66 1.1 mm,
respectively, Fig. 1D) compared to control cells (9.5 6 0.6 mm).
However, in contrast to spindle length, the increase of spindle
width in Clasp-depleted cells was monophasic.
We next analyzed the shape of the spindle defined as the aspect
ratio or length-to-width ratio, during spindle elongation (Fig. 1E).
The aspect ratio of the spindle varied dramatically in absence of
Clasp1 and notably Clasp2, revealing a plasticity of spindle shape
during spindle elongation (Fig. 1F). At metaphase, Clasp1 and
Clasp2 single depletions affected spindle shape, with a rounder
shaped spindle compared to control cells (Fig. 1F). During
spindle elongation, the aspect ratio of Clasp1/Clasp2 co-depleted
spindles remained close to 1. These Clasp1/Clasp2 co-depleted
spindles lost their diamond-like shape, with the spindle width
nearing spindle length at steady-state equilibrium. Thus, in
absence of Clasps, spindle shape was not maintained during the
scaling of spindle length. Taken together, Clasps are critical to
ensure the stabilization of the steady-state spindle length and the
correct diamond-shaped spindle geometry.
Kid antagonizes Clasps during spindle elongation
Polar ejection forces contribute to chromosome alignment by
pushing chromatin away from the spindle poles during
prometaphase (Magidson et al., 2011). The kinesin-10 family
chromokinesin Kid is the major contributor to polar ejection forces
(Bieling et al., 2010; Cane et al., 2013; Stumpff et al., 2012). We
hypothesized that polar ejection forces could play a role in spindle
shape. Kid depletion alone did not alter spindle length or width
significantly by live-cell imaging (12.86 1.7 mm and 8.86 1.2 mm,
respectively), in agreement with previous work (Stumpff et al.,
2012), although a study measuring spindle length in Kid-depleted
cells in fixed cells reported a small decrease in length (Fig. 2A–C)
(Tokai-Nishizumi et al., 2005). The final spindle width was however
reached later than that of control cells, due to reduced polar
ejection forces that position chromosomes during prometaphase
(supplementary material Fig. S2E,F) (Magidson et al., 2011). As Kid
interacts with CLASP (Patel et al., 2012), we also tested whether Kid
acts synergistically with Clasps during bipolar spindle formation.
When Kid and Clasp2 were co-depleted, spindle length was restored
to 12.76 1.2 mm and spindle width was not significantly modified,
averaging 8.5+0.9 mm (Fig. 2A–C; supplementary material Table
S1). Under these conditions, Kid and Clasp2 were efficiently co-
depleted (supplementary material Fig. S1E). We also observed a
similar rescue in spindle length following the co-depletion of Kid
and Clasp1 (11.5 6 1.5 mm; supplementary material Fig. S1F;
Table S1). Interestingly, the spindles did not contract after maximal
elongation in Clasp1 or Clasp2 and Kid co-depleted cells, leading to
the higher aspect ratio of Clasp2/Kid spindles (Fig. 2D). Our data
suggest that Kid-mediated polar ejection forces on their own do not
alter the diamond-shape spindle geometry, but that Clasp1 and
Clasp2 have a functional and antagonistic relationship with Kid for
regulating spindle geometry.
Clasps and Kid play antagonistic roles on kinetochore
microtubule dynamics to regulate spindle length
At kinetochores, Clasps generate poleward flux on kinetochore-
fibers and increase plus end tubulin turnover (Maffini et al., 2009;
Maiato et al., 2003). Kid depletion restored a monophasic
elongation of the spindle in each individual Clasp depleted
condition (Fig. 2A,B; supplementary material Fig. S1F). Thus,
we next focused on analyzing the functional relationship between
Kid and Clasp2. To test whether Kid could alter spindle flux in
absence of Clasp2, we measured microtubule poleward flux in a
U2OS cell line expressing mCherry-tubulin and photoactivatable-
GFP (PA-GFP)-tubulin. We first determined the flux rate in cells
individually depleted for Clasp2 or Kid. Microtubule flux in
Clasp2-depleted cells was significantly reduced (0.4 6 0.04 mm/
min, mean 6 sem) relative to control cells (0.6 6 0.03 mm/min),
whereas Kid-depleted cells did not display significant changes in
the flux rate (0.7 6 0.04 mm/min; Fig. 2E,F), consistent with
previous results (Maffini et al., 2009; Wandke et al., 2012). In
contrast, we found that the flux rate was significantly higher in
Clasp2/Kid co-depleted cells (0.5 6 0.04 mm/min) compared to
Clasp2 depleted cells and was comparable to control cells
(Fig. 2E,F). To test whether Kid and Clasp2 are acting on
kinetochore-fibers or interpolar spindle microtubules, we
measured microtubule plus end turnover, which appears as the
decay of fluorescence intensity of the activated PA-GFP-tubulin
mark. We found that fast spindle microtubule turnover at plus
ends was not affected by Clasp2 or Kid depletion, suggesting the
slower population of kinetochore-fiber microtubules might be
modified (Fig. 2G). We could not measure with confidence the
K-fiber turnover in our cell line, which did not allow us to test
this hypothesis. Also, microtubule flux can be regulated both by
minus and plus ends of microtubules in the spindle. Since spindle
flux rate was affected by Clasp2 but spindle microtubule plus end
turnover rate was not, our result indicates that Clasp2 may play its
major role at the minus end of spindle microtubules as well as at
kinetochore-fibers plus ends. Future work should test this model.
In total, Kid antagonizes Clasp2 to restore spindle poleward flux
and consequently restore metaphase spindle length.
Clasps act on kinetochore-fibers and spindle microtubules to
stabilize the spindle shape and length
Clasp1, Clasp2 and Kid may act antagonistically on the microtubule
dynamics of kinetochore-fibers. To test whether the spindle
contraction and changes in spindle geometry was due to the
absence of Clasps at kinetochore-fiber ends, we examined spindle
elongation in absence of kinetochore-fibers by depleting the
kinetochore protein Nuf2. We first depleted Nuf2 alone, which
results in abnormally long spindles (Fig. 3A,B; supplementary
material Fig. S2G,H) consistent with prior work (DeLuca et al.,
2006). Upon Clasp2/Nuf2 co-depletion, the biphasic spindle
assembly behavior was suppressed (Fig. 3A,B; supplementary
material Fig. S2I,J). The spindle reached a steady-state spindle
length of 12.86 2.3 mm, similar to control spindles (supplementary
material Fig. S1C). We propose that upon end-on attachment of
kinetochore-fibers to kinetochores, kinetochore-fibers generate an
inward pulling force to stabilize the metaphase spindle. In the
absence of Clasps, the shorter centrosome and spindle-generated
interpolar microtubules determine the steady-state spindle length.
Taken together, our data suggest that Clasp1 and Clasp2 act both on
kinetochore-fibers, to enable a monophasic spindle elongation, and
on spindle microtubules to set the steady-state spindle length.
Kinetochore-fibers promote a diamond-shaped spindle
In the absence of kinetochore-fibers, there are no inward pulling forces
acting at kinetochores to maintain the steady-state metaphase spindle
architecture. We found that spindle width decreased in absence of
kinetochore-fibers (8.76 1.2 mm and 9.06 1.0 mm for Nuf2/Clasp2
and Nuf2-depleted cells; Fig. 3A,C). To test how kinetochore-fiber
dynamics modulate spindle shape, we generated long spindles without
disrupting kinetochore-fibers by depleting the microtubule
RESEARCH ARTICLE Biology Open (2014) 000, 1–7 doi:10.1242/bio.201410363
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depolymerase Kif18a. Kif18a-depleted spindles were abnormally
long, averaging 15.96 1.3 mm (Fig. 3B; supplementary material Fig.
S2G) (Mayr et al., 2007; Savoian and Glover, 2010; Syrovatkina et al.,
2013). Unlike Nuf2 depletions, spindle width also increased to 10.26
0.8 mm following Kif18a depletion (Fig. 3D; supplementary material
Fig. S2H). Consequently, the aspect ratio was high in all long spindles,
but was the most elevated in spindles lacking kinetochore-fibers,
because width did not increase with increasing length. Thus, the
dynamics of kinetochore-fibers play a role in shaping the spindle and
maintaining a correct length-to-width ratio, which is essential to
capture and align chromosomes correctly during metaphase.
Spindle shape is determined by spindle length
Above, we found that changes in spindle length and width alter
spindle geometry (Fig. 4A). Therefore, we sought to determine
whether there are any general rules that govern spindle shape. To
test this, we analyzed the aspect ratio of measured spindles
independently of the specific perturbation when all microtubule
populations were present. Spindle width rapidly reached a steady-
state equilibrium around 40 minutes after the initiation of
elongation, regardless of the specific perturbation analyzed
(Fig. 1E, Fig. 2D, Fig. 3E). During the early stages of spindle
elongation, spindle length and width were not correlated
(Fig. 4B). However, at steady-state, there was a linear
correlation between the aspect ratio and spindle length
(Fig. 4C,D). Longer spindles had a high aspect ratio, whereas
the shortest spindles appeared circular, with an aspect ratio
nearing 1. This is due to the fact that width and length do not
scale with the same factor. Overall, our data suggest that spindle
width and length are coupled anisotropically. Previous work has
shown that spindle length and cell size are coupled (Good et al.,
2013; Hazel et al., 2013). Our data demonstrate that spindle
geometry is constrained, with spindle shape being linearly
correlated with the length of the spindle.
Fig. 2. The chromokinesin Kid
opposes Clasp1 and Clasp2
during spindle formation.
(A) Time-lapse imaging of U2OS
cells expressing mCherry-tubulin
after a STLC washout.
(B–D) Graphs representing the
average spindle length, width
and aspect ratio and the
corresponding SD, during
elongation for each condition
described in panel B. (E) Time-
lapse imaging of U2OS cells
expressing mCherry-tubulin and
PA-GFP-tubulin before and at
30 s intervals after
photoactivation at 405 nm.
(F,G) Quantification of
microtubule poleward rate + SD
and fast turnover + sem in cells
treated with Control, Kid, Clasp2
or Clasp2/Kid siRNA. *, ** and
*** represent a P,0.5, P,0.01
and P,0.001 respectively. Scale
bars: 10 mm.
RESEARCH ARTICLE Biology Open (2014) 000, 1–7 doi:10.1242/bio.201410363
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Biological significance of spindle scaling
Our geometric and kinetic measurements show that there is a linear
relationship between spindle length and width, irrespective of the
spindle components. Such a coupling has also been observed with
increasing concentrations of XMAP215 and in C. elegans, where
width and length scaled with each other (Hara and Kimura, 2013;
Reber et al., 2013). Taken together, this suggests a universal
behavior for the relationship between spindle width and spindle
length. We propose that this geometrical coupling of spindle shape
and length plays an important role in promoting correct chromosome
segregation. During mitosis, the spindle needs to satisfy a minimum
width so that it can capture and biorient chromosomes at the
metaphase plate. Indeed, the inability to correctly scale the spindle
geometry in tetraploid cells, where spindle width increases, but
spindle length remains the same, leads to genomic instability
(Storchova´ et al., 2006). Incorrect kinetics of spindle geometry,
through multipolar configurations, also cause merotelic attachments
and lagging chromosomes in human cells (Ganem et al., 2009).
Shorter spindles must remain wide to maximize the spatial ability to
achieve chromosome capture and alignment. However, the
geometry of the spindle has to be optimized to maximize the
utilization of available and rate-limiting cellular resources, such as
tubulin and microtubule-associated proteins. Thus, an increased
spindle length results in moderate spindle widening and an oblong-
shaped spindle, as this is sufficient to promote efficient chromosome
congression. Spindle shape is therefore determined by its functional
requirements and by the availability of its individual building blocks
for self-organization.
Spindle composition changes during development and between
cell type to regulate spindle length (Loughlin et al., 2011; Wilbur and
Heald, 2013). During development, cytoplasmic volume and cell
boundaries play an important role in regulating spindle shape and
length (Good et al., 2013; Hazel et al., 2013). However, there are
intrinsic factors that, in an unbound regime, set the upper limit of
spindle size and the spindle geometry (Good et al., 2013; Wu¨hr et al.,
2008). We demonstrated that spindle composition also affects
spindle shape in a length-dependent manner. Thus, the cytoplasmic
availability and regulation of the key regulatory microtubule players
dictates the overall spindle length and shape. By ensuring a key
spindle-length regulator is present in rate-limiting amounts or absent,
the cell can modify the shape of the spindle. In total, these changes in
spindle composition give rise to anisotropic scaling of the spindle
and reveal a mechanism that generates spindle shape diversity.
During the early stages of development in C. elegans, anisotropic
spindle scaling is also observed with decreasing cell volume (Hara
and Kimura, 2013). The geometry of the spindle may also vary with
the number of chromosomes that need to be segregated and the type
of kinetochores they contain (Dinarina et al., 2009). Extrinsic
factors, such as mechanical stress on the spindle, also change the
spindle shape (Dumont and Mitchison, 2009a). Future work should
Fig. 3. Clasp1 and Clasp2 act
on kinetochore-fibers to
stabilize the steady-state
metaphase spindle. (A) Time-
lapse imaging of U2OS cells
expressing mCherry-tubulin after
a STLC washout, treated with
indicated siRNA. (B–E) Graphs
representing the average
spindle length, width and aspect
ratio and the corresponding SD
during elongation for each
condition described in panel A.
Scale bar: 10 mm.
RESEARCH ARTICLE Biology Open (2014) 000, 1–7 doi:10.1242/bio.201410363
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address how spindle shape affects spindle mechanics and functions
to ensure accurate chromosome segregation.
MATERIALS AND METHODS
Molecular biology and cell culture
The U2OS mCherry-tubulin PA-GFP-tubulin cell line was maintained in
DMEM (Lonza) supplemented with 10% FBS, penicillin/streptomycin
(Gibco) at 37 C˚ in a humidified atmosphere with 5% CO2. Cells were
plated on 18-mm glass coverslips coated with poly-L-lysine (Sigma–
Aldrich) for immunostaining or 35-mm glass bottom microwell dishes
(MatTek) for time-lapse imaging. RNAi experiments were conducted
using RNAi MAX transfection reagent (Invitrogen) according to the
manufacturer’s guidelines. Previously published siRNA oligos were used
to deplete Kif18a (Stumpff et al., 2008), Clasp1 and Clasp2 (Mimori-
Kiyosue et al., 2005), Kid (Tokai-Nishizumi et al., 2005) and Nuf2
(DeLuca et al., 2006). For experiments with small molecule inhibitors, the
proteasome inhibitor MG132, the Eg5 inhibitor STLC and taxol were used
at a final concentration of 10 mM, 10 mM and 1 mM respectively.
Immunofluorescence and live-cell imaging microscopy
Immunofluorescence and live-cell imaging was performed as described
(Welburn et al., 2010). Images were acquired on a DeltaVision Core
microscope (Applied Precision). On average, experiments were repeated 3
times (supplementary material Fig. S1D). For spindle length measurement,
we measured the distance between the two microtubule organizing centers
marked by maximum fluorescence of tubulin. The width was measured by
taking the cross-section at the center of the spindle, marked by a decrease
in tubulin density, due to chromosome mass. Spindle elongation alignment
was performed using a MATLAB-based script. Data are reported as mean
6 SD, unless mentioned. Statistical analysis using an ANOVA with
Tukey’s test was performed using GraphPad Prism.
Photoactivation experiments
Images were acquired on a Leica SP5 Spinning Disc Confocal microscope
using a 636/1.4 NA objective lens, with an additional 56zoom. A 1.2 mm6
12.6 mm region of photoactivation was manually specified for each spindle
prior to imaging. 5 pre-activation frames were acquired followed by a single
0.648 s pulse from a 405 nm laser to activate the GFP-a-tubulin. Post-
activation images were acquired every 10 seconds for 300 seconds.
Collected images were imported and stored onto an OMERO server (Allan
et al., 2012). Cells that underwent anaphase or with low signal-to-noise ratios
were discarded from the analysis. For each candidate cell, the centrosome
positions at each time point was marked as regions of interests using the
built-in Measurement Tool in the OMERO.insight client. Statistical analysis
using an ANOVA with Tukey’s test was performed using GraphPad Prism.
Photoactivation analysis was performed using MATLAB (Mathworks)
and the OMERO.matlab bindings as follows. For each time point, the
image pixel data and the centrosome position were read from the server.
The intensity profile was computed alongside the centrosome–
centrosome line using a Radon transform. This intensity profile was
background corrected by thresholding the low-pass filtered image,
computing its Radon transform and subtracting it from the uncorrected
intensity profile (supplementary material Fig. S4A,B). Photoactivation
heat maps are generated by concatenating these background-subtracted
intensity profiles (supplementary material Fig. S4C). For each time point,
the corrected intensity profile was fitted using a 1D Gaussian mixture
model (supplementary material Fig. S4D,E). The amplitude and the
position of these models yield the signals and position of the
photoactivated spindle as well as the signal intensity background spindle.
MT flux speed was quantified by linearly fitting the position of the
photoactivated signal as a function of time on the first 150 seconds
(supplementary material Fig. S4F). MT turnover was quantified from the
decay of the corrected normalized photoactivated spindle intensity.
Background correction was performed by subtracting the background
spindle signal intensity from the photoactivated spindle signal at each time
point. The background-subtracted intensity was then normalized by the
value of the first time point. Photobleaching correction was then performed
using the averaged background-subtracted intensities from a series of
control cells treated with 1 mM of taxol. Each fully corrected intensity
time-series was individually fitted by a double-exponential curve I5Pf
exp(2t/tf)+Ps exp(2t/ts), where I is the proportion of the initial
fluorescence intensity, P is the proportion of fluorescence decay due to
the fast (f) or slow (s) process, t is the time constant for fluorescence decay
of the fast (f) or slow (s) process, and t is time (supplementary material Fig.
S4G; Table S2). The goodness-of-fit was estimated by computing the
coefficient of determination from the norm of the residuals. For each
condition, the mean flux and slow and fast turnover times were computed
by averaging the fitted values of individual series. We did not report the
slow turnover because of the heterogeneity of the K-fiber measurements.
Scripts are available at http://welburn.bio.ed.ac.uk/resources.
Abbreviations
PA: photoactivatable; STLC: S-Trityl-L-cysteine.
Fig. 4. Spindle shape is modulated by regulators of microtubule dynamics. (A) Representative images of spindles for cells depleted with indicated siRNA.
Graphs representing spindle width versus spindle length for conditions in (B) 10 minutes and (C) 70 minutes after centrosome separation for conditions
described above. The dashed line represents theoretical isotropic scaling. (D) Graph representing spindle aspect ratio versus spindle length for conditions in
panel A. Raw data (118 points) were fitted to a linear regression function (R250.80). Scale bar: 10 mm.
RESEARCH ARTICLE Biology Open (2014) 000, 1–7 doi:10.1242/bio.201410363
6
B
io
lo
g
y
O
p
e
n
Acknowledgements
We thank H. Maiato, S. Dumont and the Welburn lab for discussions and H.
Okhura, I. Cheeseman and K. Hardwick for critical reading of the manuscript. We
thank Rene´ Medema for the kind gift of the U2OS mCherry-tubulin photoactivable
GFP-tubulin, Helder Maiato for the Clasp antibodies, Dave Kelly for support with
the microscopy facility.
Competing interests
The authors have no competing interests to declare.
Author contributions
S.Y and J.P.I.W designed and performed the experiments. S.B developed the
software analysis. S.Y and S.B performed data analysis. J.P.I.W wrote the
manuscript.
Funding
J.P.I.W. is supported by a CRUK Career Development Fellowship (C40377/
A12840). The Wellcome Trust Centre for Cell Biology is supported by core
funding from the Wellcome Trust (092076).
References
Al-Bassam, J., Kim, H., Flor-Parra, I., Lal, N., Velji, H. and Chang, F. (2012).
Fission yeast Alp14 is a dose-dependent plus end-tracking microtubule
polymerase. Mol. Biol. Cell 23, 2878-2890.
Allan, C., Burel, J. M., Moore, J., Blackburn, C., Linkert, M., Loynton, S.,
Macdonald, D., Moore, W. J., Neves, C., Patterson, A. et al. (2012). OMERO:
flexible, model-driven data management for experimental biology. Nat. Methods
9, 245-253.
Bertran, M. T., Sdelci, S., Regue´, L., Avruch, J., Caelles, C. and Roig, J. (2011).
Nek9 is a Plk1-activated kinase that controls early centrosome separation
through Nek6/7 and Eg5. EMBO J. 30, 2634-2647.
Bieling, P., Kronja, I. and Surrey, T. (2010). Microtubule motility on reconstituted
meiotic chromatin. Curr. Biol. 20, 763-769.
Blangy, A., Lane, H. A., d’He´rin, P., Harper, M., Kress, M. and Nigg, E. A. (1995).
Phosphorylation by p34cdc2 regulates spindle association of humanEg5, a kinesin-
related motor essential for bipolar spindle formation in vivo. Cell 83, 1159-1169.
Brouhard, G. J., Stear, J. H., Noetzel, T. L., Al-Bassam, J., Kinoshita, K.,
Harrison, S. C., Howard, J. and Hyman, A. A. (2008). XMAP215 is a
processive microtubule polymerase. Cell 132, 79-88.
Cane, S., Ye, A. A., Luks-Morgan, S. J. and Maresca, T. J. (2013). Elevated
polar ejection forces stabilize kinetochore-microtubule attachments. J. Cell Biol.
200, 203-218.
Cheeseman, I. M., Niessen, S., Anderson, S., Hyndman, F., Yates, J. R., 3rd,
Oegema, K. and Desai, A. (2004). A conserved protein network controls assembly
of the outer kinetochore and its ability to sustain tension.GenesDev. 18, 2255-2268.
Courtois, A., Schuh, M., Ellenberg, J. and Hiiragi, T. (2012). The transition from
meiotic to mitotic spindle assembly is gradual during early mammalian
development. J. Cell Biol. 198, 357-370.
DeLuca, J. G., Gall, W. E., Ciferri, C., Cimini, D., Musacchio, A. and Salmon,
E. D. (2006). Kinetochore microtubule dynamics and attachment stability are
regulated by Hec1. Cell 127, 969-982.
Dinarina, A., Pugieux, C., Corral, M. M., Loose, M., Spatz, J., Karsenti, E. and
Ne´de´lec, F. (2009). Chromatin shapes the mitotic spindle. Cell 138, 502-513.
Dionne, M. A., Sanchez, A. and Compton, D. A. (2000). ch-TOGp is required for
microtubule aster formation in a mammalian mitotic extract. J. Biol. Chem. 275,
12346-12352.
Dumont, S. and Mitchison, T. J. (2009a). Compression regulates mitotic spindle
length by a mechanochemical switch at the poles. Curr. Biol. 19, 1086-1095.
Dumont, S. and Mitchison, T. J. (2009b). Force and length in the mitotic spindle.
Curr. Biol. 19, R749-R761.
Ganem, N. J., Storchova, Z. and Pellman, D. (2007). Tetraploidy, aneuploidy and
cancer. Curr. Opin. Genet. Dev. 17, 157-162.
Ganem, N. J., Godinho, S. A. and Pellman, D. (2009). A mechanism linking extra
centrosomes to chromosomal instability. Nature 460, 278-282.
Good, M. C., Vahey, M. D., Skandarajah, A., Fletcher, D. A. and Heald, R.
(2013). Cytoplasmic volume modulates spindle size during embryogenesis.
Science 342, 856-860.
Goshima, G. and Scholey, J. M. (2010). Control of mitotic spindle length. Annu.
Rev. Cell Dev. Biol. 26, 21-57.
Hara, Y. and Kimura, A. (2013). An allometric relationship between mitotic spindle
width, spindle length, and ploidy in Caenorhabditis elegans embryos. Mol. Biol.
Cell 24, 1411-1419.
Hazel, J., Krutkramelis, K., Mooney, P., Tomschik, M., Gerow, K., Oakey, J.
and Gatlin, J. C. (2013). Changes in cytoplasmic volume are sufficient to drive
spindle scaling. Science 342, 853-856.
Helmke, K. J. and Heald, R. (2014). TPX2 levels modulate meiotic spindle size
and architecture in Xenopus egg extracts. J. Cell Biol. 206, 385-393.
Komarova, Y., De Groot, C. O., Grigoriev, I., Gouveia, S. M., Munteanu, E. L.,
Schober, J. M., Honnappa, S., Buey, R. M., Hoogenraad, C. C., Dogterom,
M. et al. (2009). Mammalian end binding proteins control persistent microtubule
growth. J. Cell Biol. 184, 691-706.
Lampson, M. A., Renduchitala, K., Khodjakov, A. and Kapoor, T. M. (2004).
Correcting improper chromosome-spindle attachments during cell division. Nat.
Cell Biol. 6, 232-237.
Loughlin, R.,Wilbur, J. D., McNally, F. J., Ne´de´lec, F. J. andHeald, R. (2011). Katanin
contributes to interspecies spindle length scaling in Xenopus. Cell 147, 1397-1407.
Magidson, V., O’Connell, C. B., Loncˇarek, J., Paul, R., Mogilner, A. and
Khodjakov, A. (2011). The spatial arrangement of chromosomes during
prometaphase facilitates spindle assembly. Cell 146, 555-567.
Maiato, H., Fairley, E. A., Rieder, C. L., Swedlow, J. R., Sunkel, C. E. and
Earnshaw, W. C. (2003). Human CLASP1 is an outer kinetochore component
that regulates spindle microtubule dynamics. Cell 113, 891-904.
Maffini, S., Maia, A. R., Manning, A. L., Maliga, Z., Pereira, A. L., Junqueira, M.,
Shevchenko, A., Hyman, A., Yates, J. R., 3rd, Galjart, N. et al. (2009). Motor-
independent targeting of CLASPs to kinetochores by CENP-E promotes
microtubule turnover and poleward flux. Curr Biol 19, 1566-1572.
Mayer, T. U., Kapoor, T. M., Haggarty, S. J., King, R. W., Schreiber, S. L. and
Mitchison, T. J. (1999). Small molecule inhibitor of mitotic spindle bipolarity
identified in a phenotype-based screen. Science 286, 971-974.
Mayr, M. I., Hu¨mmer, S., Bormann, J., Gru¨ner, T., Adio, S., Woehlke, G. and
Mayer, T. U. (2007). The human kinesin Kif18A is a motile microtubule
depolymerase essential for chromosome congression. Curr. Biol. 17, 488-498.
Mimori-Kiyosue, Y., Grigoriev, I., Lansbergen, G., Sasaki, H., Matsui, C.,
Severin, F., Galjart, N., Grosveld, F., Vorobjev, I., Tsukita, S. et al. (2005).
CLASP1 and CLASP2 bind to EB1 and regulate microtubule plus-end dynamics
at the cell cortex. J. Cell Biol. 168, 141-153.
Patel, K., Nogales, E. and Heald, R. (2012). Multiple domains of human CLASP
contribute to microtubule dynamics and organization in vitro and in Xenopus egg
extracts. Cytoskeleton (Hoboken) 69, 155-165.
Pereira, A. J. and Maiato, H. (2012). Maturation of the kinetochore-microtubule
interface and the meaning of metaphase. Chromosome Res. 20, 563-577.
Pereira, A. L., Pereira, A. J., Maia, A. R., Drabek, K., Sayas, C. L., Hergert,
P. J., Lince-Faria, M., Matos, I., Duque, C., Stepanova, T. et al. (2006).
Mammalian CLASP1 and CLASP2 cooperate to ensure mitotic fidelity by
regulating spindle and kinetochore function. Mol. Biol. Cell 17, 4526-4542.
Reber, S. B., Baumgart, J., Widlund, P. O., Pozniakovsky, A., Howard, J.,
Hyman, A. A. and Ju¨licher, F. (2013). XMAP215 activity sets spindle length by
controlling the total mass of spindle microtubules. Nat. Cell Biol. 15, 1116-1122.
Samora, C. P. and McAinsh, A. D. (2011). Photoactivatable-GFP-a-tubulin as a
tool to study microtubule plus-end turnover in living human cells. Methods Mol.
Biol. 777, 223-233.
Savoian, M. S. and Glover, D. M. (2010). Drosophila Klp67A binds prophase
kinetochores to subsequently regulate congression and spindle length. J. Cell
Sci. 123, 767-776.
Sawin, K. E., LeGuellec, K., Philippe,M. andMitchison, T. J. (1992). Mitotic spindle
organization by a plus-end-directed microtubule motor. Nature 359, 540-543.
Storchova´, Z., Breneman, A., Cande, J., Dunn, J., Burbank, K., O’Toole, E.
and Pellman, D. (2006). Genome-wide genetic analysis of polyploidy in yeast.
Nature 443, 541-547.
Stumpff, J., von Dassow, G., Wagenbach, M., Asbury, C. and Wordeman, L.
(2008). The kinesin-8 motor Kif18A suppresses kinetochore movements to
control mitotic chromosome alignment. Dev. Cell 14, 252-262.
Stumpff, J., Wagenbach, M., Franck, A., Asbury, C. L. and Wordeman, L.
(2012). Kif18A and chromokinesins confine centromere movements via
microtubule growth suppression and spatial control of kinetochore tension.
Dev. Cell 22, 1017-1029.
Syrovatkina, V., Fu, C. and Tran, P. T. (2013). Antagonistic spindle motors and
MAPs regulate metaphase spindle length and chromosome segregation. Curr.
Biol. 23, 2423-2429.
Tanenbaum, M. E., Macu˚rek, L., Galjart, N. and Medema, R. H. (2008). Dynein,
Lis1 and CLIP-170 counteract Eg5-dependent centrosome separation during
bipolar spindle assembly. EMBO J. 27, 3235-3245.
Tokai-Nishizumi, N., Ohsugi, M., Suzuki, E. and Yamamoto, T. (2005). The
chromokinesin Kid is required for maintenance of proper metaphase spindle
size. Mol. Biol. Cell 16, 5455-5463.
Wandke, C., Barisic, M., Sigl, R., Rauch, V., Wolf, F., Amaro, A. C., Tan, C. H.,
Pereira, A. J., Kutay, U., Maiato, H. et al. (2012). Human chromokinesins
promote chromosome congression and spindle microtubule dynamics during
mitosis. J. Cell Biol. 198, 847-863.
Welburn, J. P., Vleugel, M., Liu, D., Yates, J. R., 3rd, Lampson, M. A.,
Fukagawa, T. and Cheeseman, I. M. (2010). Aurora B phosphorylates spatially
distinct targets to differentially regulate the kinetochore-microtubule interface.
Mol. Cell 38, 383-392.
Whitehead, C. M. and Rattner, J. B. (1998). Expanding the role of HsEg5 within
the mitotic and post-mitotic phases of the cell cycle. J. Cell Sci. 111, 2551-2561.
Wilbur, J. D. and Heald, R. (2013). Mitotic spindle scaling during Xenopus
development by kif2a and importin a. eLife 2, e00290.
Woodcock, S. A., Rushton, H. J., Castan˜eda-Saucedo, E., Myant, K., White,
G. R., Blyth, K., Sansom, O. J. and Malliri, A. (2010). Tiam1-Rac signaling
counteracts Eg5 during bipolar spindle assembly to facilitate chromosome
congression. Curr. Biol. 20, 669-675.
Wu¨hr, M., Chen, Y., Dumont, S., Groen, A. C., Needleman, D. J., Salic, A. and
Mitchison, T. J. (2008). Evidence for an upper limit to mitotic spindle length.
Curr. Biol. 18, 1256-1261.
RESEARCH ARTICLE Biology Open (2014) 000, 1–7 doi:10.1242/bio.201410363
7
B
io
lo
g
y
O
p
e
n
